1. Introduction {#sec1}
===============

Metallic biomaterials and devices are widely used in dental, orthopedic, and spinal surgeries to facilitate the replacement and repair of a damaged bone because of their robust mechanical properties and their ability to integrate into the bone (osseointegration).^[@ref1],[@ref2]^ Among these, titanium and its alloys have emerged as the most common bone implant materials and as a model substrate for studying cell and tissue responses to biomaterials because of their clinical relevance, suitable biocompatibility, and the diverse possibilities for surface modifications.^[@ref3],[@ref4]^ Still, clinical work has reported a failure incidence of bone implants up to 14.9%,^[@ref5],[@ref6]^ the majority of which was caused by deficient or poor early bone healing at the bone/implant interface in the early postimplantation period.^[@ref7],[@ref8]^ Consequently, it is of crucial importance to improve the early bone healing of an implant for its long-term performance.

The biomaterial surface properties of an implanted medical device have demonstrated to contribute to the host cellular and tissue responses and play a significant role in determining the overall implant success or failure.^[@ref9],[@ref10]^ Therefore, manipulating the surface physical or chemical properties offers an effective and straightforward strategy to improve the biological performance of implant materials. For titanium implants installed in bone defects in animal studies, multiple studies have shown superior bone-to-implant contact and peri-implant bone formation when the surface roughness (arithmetical mean deviation of the surface profile, *R*~a~) is between 1 and 1.5 μm.^[@ref11]−[@ref13]^ Clinical studies also demonstrated that the osseointegration rate of rough implants was significantly higher than that of machined smooth implants.^[@ref14]−[@ref16]^ To elucidate the mechanism responsible for these observations from (pre-)clinical studies, previous work has extensively studied how micron and submicron scale roughness contributes to osteoblastic cell attachment, spreading, and differentiation, in which these cells originated from mesenchymal stem cells (MSCs).^[@ref17]−[@ref20]^ Remarkably, the effect of other cell types involved in bone remodeling and osseointegration, for example osteoclasts, has to date been largely ignored to reflect the natural interaction of different cell types with a certain surface property. Interestingly, osteoclasts have been observed to appear earlier than osteoblastic cells around bone implants and seem to initiate the remodeling process to form new bone tissue in the peri-implant region.^[@ref21]−[@ref23]^ Furthermore, the preferred roughness of bone implant surfaces, consisting of a combination of micron scale roughness created by sandblasting and submicron scale roughness generated by acid etching, was found to be strikingly similar to osteoclast resorption pit dimensions on bone wafers.^[@ref24]−[@ref26]^ All this evidence suggests that the biomaterial surface roughness modulates the behavior of osteoclasts, which further affect the bone formation process.

Osteoclasts are giant multinucleated bone-resorbing cells differentiated from the precursors of the monocyte/macrophage lineage. Polarized osteoclasts form sealing zones, detectable as actin rings and ruffled borders, containing protons and catabolic enzymes such as TRAP, to resorb bone.^[@ref27],[@ref28]^ Osteoclast functions, however, have been widely recognized not to be limited to their ability to resorb bone only. In the context of bone remodeling, osteoclasts also contribute to bone formation by communicating with osteoblastic cells in a process called "coupling of the bone formation to resorption".^[@ref29]^ In this process, osteoclasts locally promote osteoblastic cell recruitment and osteogenic differentiation through the secretion of coupling factors, known as clastokines, which include sphingosine-1-phosphate (S1P), bone morphogenetic protein 6 (BMP-6), Wnt10b, collagen triple helix repeat containing 1 (CTHRC1), and complement component 3a (C3a).^[@ref29],[@ref30]^ In contrast, sclerostin (Scl) and semaphorin4D (Sema4D), other clastokines secreted by osteoclasts, inhibit osteoblastic cell differentiation.^[@ref31],[@ref32]^ Taken together, these findings indicate that the coupling factors released by osteoclasts play an important role in the local regulation of bone formation by influencing recruitment, osteogenic differentiation, and activity of osteoblastic cells.

Above all, the combined activity of osteoblastic cells and osteoclasts and their bidirectional interactions are relevant for bone remodeling and regeneration. Regarding the chronological order present at the site of bone regeneration and the stimulatory effects of roughness, we hypothesized that the surface roughness influences osteoclastogenesis and the behavior of formed osteoclasts in terms of clastokine secretion. Subsequently, these secreted clastokines then orchestrate osteoblastic cell behavior. To test this hypothesis, we prepared and characterized titanium surfaces with a series of roughness ranging from submicron to micron levels and evaluated their effects on osteoclast behavior (i.e., morphology, cell number, and differentiation) using both the murine RAW264.7 cell line and primary mouse macrophages. To evaluate the coupling function of surface roughness induced osteoclast effects on osteoblastic cell differentiation, the murine MC3T3 osteoprogenitor cell line and primary rat bone marrow MSCs were cultured in the conditioned medium of these osteoclasts, and their osteogenic differentiation was evaluated by mineralization and osteogenic marker analysis and then correlated with potential clastokines and osteoclast-subtype parameters.

2. Materials and Methods {#sec2}
========================

2.1. Materials and Reagents {#sec2.1}
---------------------------

Receptor activator for NF-κB ligand (RANKL) and macrophage colony-stimulating factor (M-CSF) were purchased from Peprotech (Rocky Hill, USA). The Acid Phosphatase Leukocyte Kit and the acid phosphatase activity assay kit were obtained from Sigma (St. Louis, USA). The RNA Isolation Kit was obtained from Qiagen (Venlo, Netherlands). ELF97 dye, Alexa Fluor 568 labeled phalloidin, 4′,6-diamidino-2-phenylindole (DAPI), mounting medium, PicoGreen DNA quantification assay kit, TaqMan Reverse Transcription kit, and Fast SYBR Green Master Mix Kit were obtained from Thermo Fisher Scientific (Breda, Netherlands). The osteogenesis quantification kit was obtained from EMD Millipore (Darmstadt, Germany). Minimum essential medium α (α-MEM), fetal bovine serum (FBS), antibiotics, and phosphate-buffered saline (PBS) were obtained from Gibco (Delft, Netherlands). Titanium (Ti) disks (1.5 mm in thickness, 12 mm in diameter; 99.9 wt % purity) were purchased from Machinefabriek G Janssen (Valkenswaard, Netherlands). Glass coverslips with 12 mm diameter were obtained from VWR (Renswoude, Netherlands).

2.2. Preparation and Characterization of Titanium (Ti) Surfaces {#sec2.2}
---------------------------------------------------------------

Ti surfaces with different roughness were prepared through grit blasting with Al~2~O~3~ using different particle sizes (50 μm or 250 μm) and pressure. To be specific, 50 μm of Al~2~O~3~ with 1.2 bar for 10 s, 250 μm of Al~2~O~3~ with 1.2 bar for 10 s, and 250 μm of Al~2~O~3~ with 3 bar for 10 s were used to produce low, medium, and high roughness, respectively. Each group of disks was further consecutively washed with 10% nitric acid, acetone, and ethanol in an ultrasonic bath for 10 min. The disks were then sterilized by autoclaving at 121 °C for 30 min under 15 psi of pressure. The roughness of the prepared disks was tested with a Universal Surface Tester (UST; Innowep GmbH, Germany). Five disks from each titanium surface were utilized for the test.

2.3. RAW264.7-Derived Osteoclasts {#sec2.3}
---------------------------------

RAW264.7 cell line was obtained from Sigma-Aldrich and cultured in α-MEM supplemented with 10% FBS. Cells were seeded at 2 × 10^3^ cells/cm^2^ and passaged until 80% confluence using a plastic scraper (Greiner Bio-One, Netherlands). For osteoclastic differentiation, 2 × 10^3^ cells/cm^2^ RAW264.7 were seeded on the surface of titanium disks and glass slides. The medium was changed to the differentiation medium (α-MEM supplemented with 10% FBS supplemented with 50 ng/mL of murine sRANK ligand) after 24 h. The medium was then refreshed every 2 days. The cells and the conditioned medium were collected after 4 days of osteoclast induction.

2.4. Mouse Bone Marrow Macrophage Derived Osteoclasts {#sec2.4}
-----------------------------------------------------

Mouse bone marrow mononuclear cells were isolated from 6 to 8 week-old male C57Bl/6 mice by flushing femurs and tibia with the α-MEM medium supplemented with 0.5 mg/mL of gentamycin and 3 μg/mL of fungizone. Cells were cultured in α-MEM containing 10% FBS, and the nonadherent cells were collected after 24 h. The cells were then seeded in flasks with 30 ng/mL of human M-CSF for 2 days. The attached cells were detached and seeded on different surfaces at 2 × 10^4^ cells/cm^2^ and cultured in α-MEM containing 10% FBS supplemented with 30 ng/mL of M-CSF and 50 ng/mL of murine RANKL for osteoclast induction. The medium was then changed every 2 days. The cells and the conditioned medium were collected after 4 days.

2.5. Characterization of Osteoclast Behavior on Different Roughness {#sec2.5}
-------------------------------------------------------------------

### 2.5.1. Cell Morphology {#sec2.5.1}

The macrophage morphology on the tested surfaces was examined by scanning electron microscopy (SEM, Jeol SEM6310, Nieuw-Vennep, Netherlands) at indicated time points. Cells were fixed with 2% glutaraldehyde in cacodylate buffer, dehydrated in a sequential series of ethanol followed by tetramethysilane, coated with gold, and then observed using SEM.

### 2.5.2. TRAP Staining {#sec2.5.2}

Osteoclasts cultured on different surfaces were fixed with 4% paraformaldehyde (PFA) for 10 min and stained using the Acid Phosphatase Leukocyte Kit per the manufacturer's instructions. Briefly, 10 mL of acid phosphatase solution consisting of 9 mL of prewarmed Milli-Q, 400 μL of acetate solution, 100 μL of naphthol AS-BI phosphoric acid, 200 μL of tartrate solution, and 200 μL of diazotized Fast Garnet GBC were prepared, and cells were stained with this solution for 20 min at 37 °C. The TRAP-positive multinucleated cells on these surfaces were observed using a light microscope (Leica, Germany).

### 2.5.3. DNA Content {#sec2.5.3}

The cell number on different surfaces was assessed using the PicoGreen DNA quantification assay kit. Cell layers were washed twice with PBS, after which 1 mL of Milli-Q was added. Following two freeze-thaw cycles, samples were aspirated several times and used for DNA quantification per the instructions of the manufacturer.

### 2.5.4. TRAP Activity Assay {#sec2.5.4}

Cell layers were washed twice with PBS, rinsed with 1 mL of Milli-Q, and lysed by two freeze-thaw cycles. The TRAP activity was tested using the acid phosphatase activity assay kit per the manufacturer's instructions. Briefly, 50 μL of the sample was mixed with 50 μL of the substrate dissolved in citrate buffer and incubated at 37 °C for 30 min. The reactions were stopped by adding 200 μL of stop solution (0.5 N NaOH). A blank control (citrate buffer) and standard solutions were made in parallel. The absorption was measured at 405 nm with a multimode spectrophotometer (Biotek, Winooski, USA). The value of TRAP activity was then normalized to DNA content.

### 2.5.5. Gene Expression of Osteoclast Markers {#sec2.5.5}

RNA was isolated from osteoclasts on different surfaces using the RNA Isolation Kit per the manufacturer's protocol. Reverse transcription was performed using TaqMan Reverse Transcription kit. qPCR expression analysis was performed using a Fast SYBR Green Master Mix Kit and the PRISM 7500 sequence amplification system (Applied Biosystems, USA). *TRAP*, *cathepsin K* (*CTSK*), receptor activator of nuclear factor kappa-B (*RANK*), and matrix metallopeptidase 9 (*MMP-9*) were tested with *GAPDH* as the housekeeping gene. The primer sets used are shown in [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsami.8b10992/suppl_file/am8b10992_si_001.pdf). The level of gene expression was calculated via the 2^--ΔΔ*C*~t~^ method. Three independent samples were used for each gene of interest.

### 2.5.6. ELF97 Staining {#sec2.5.6}

Samples were washed twice with PBS and fixed with 4% PFA. After fixation, the samples were washed twice with PBS. The ELF97 dye was diluted 50 times using the above acid phosphatase solution, added to each well, and incubated for 15 min at 37 °C in the dark. The samples were then washed twice with PBS, and images were taken using a microscope (Zeiss AxioCam MRc5; Carl Zeiss Microimaging, Germany).

### 2.5.7. F-Actin and Nuclei Staining {#sec2.5.7}

For F-actin and nuclei staining, cells were rinsed twice with PBS and then fixed with 4% PFA in PBS for 10 min. After washing twice, the samples were incubated with Alexa Fluor 568 labeled phalloidin (1:50 dilution) in PBS for 15 min. After washing with PBS, the samples were incubated with DAPI (1:500 dilution) for 5 min and mounted with a mounting medium. Cells were imaged with a Zeiss microscope. The osteoclast number (more than three nuclei), F-actin ring circumference, nuclei per osteoclast, and osteoclast area were quantified using Image J. The cell area was categorized into one of the following classes: ≤25 × 10^3^ μm^2^ per cell, 25--50 × 10^3^ μm^2^ per cell, 50--100 × 10^3^ μm^2^ per cell, 100--200 × 10^3^ μm^2^ per cell, 200--400 × 10^3^ μm^2^ per cell, and ≥400 × 10^3^ μm^2^ per surface. The nuclei number of each osteoclast was counted for four disks. If the number of osteoclasts was more than 100 per disk, the measurements were performed at random 100 osteoclasts on each specimen.

2.6. Effect of Osteoclast Medium on Osteogenic Differentiation of Osteoblastic Cells {#sec2.6}
------------------------------------------------------------------------------------

### 2.6.1. Mouse Osteoprogenitor and Rat Primary MSC Culture {#sec2.6.1}

The mouse osteoblastic precursor cell line MC3T3 was purchased from Sigma-Aldrich. Rat bone marrow-derived MSCs were isolated from 6 week-old male Fischer rats. All animal procedures were approved by the Radboud University Nijmegen Animal Ethics Committee. Both MC3T3 cells and MSCs were cultured in the growth medium (α-MEM with 10% FBS, 100 U/mL penicillin, and 100 μg/mL streptomycin) at 37 °C in humidified 5% CO~2~.

For osteogenic differentiation assays, 2 × 10^4^ cells were seeded in 48-well plates. After 24 h, the medium was changed with a 1:1 conditioned medium from RAW264.7-derived osteoclast cultures (for MC3T3 cells) or primary mouse osteoclast cultures (for primary MSCs) on Ti disks with different roughness and osteogenic medium (OM; growth medium supplemented with 10 nM dexamethasone, 100 μM ascorbic acid, and 10 mM β-glycerophosphate). The medium was changed twice per week. These cultures were used to obtain samples for alizarin red staining and mineralization quantification and for gene expression analysis.

### 2.6.2. Alizarin Red Staining and Quantification {#sec2.6.2}

After 14 days, cell layers were washed twice with PBS and then fixed with 4% PFA for 10 min and then washed twice with PBS. Cells were then stained with 1 mL/well alizarin red solution for 15 min at room temperature using an osteogenesis quantification kit. Stained samples were photographed with a light microscope. The quantification of alizarin red of cell layer was conducted based on the protocol. Briefly, cell layers were dissolved in 10% acetic acid, vortexed, heated at 85 °C, and then centrifuged. The supernatant was neutralized, and then colorimetric changes were measured at the absorbance of 405 nm using a multimode spectrophotometer (Biotek, Winooski, USA). To reduce the internal errors, alizarin red values from each sample were normalized to cells cultured in 1:1 of OM and growth medium.

### 2.6.3. Gene Expression of Osteogenic Markers {#sec2.6.3}

Osteoprogenitor cells were cultured in the conditioned medium of osteoclasts for 7 days, and RNA was isolated and transcribed as aforementioned. The gene expression of *RUNX2*, *collagen I*, *ALP*, and *osteocalcin* (*OCN*) was analyzed by qPCR using the primers listed in [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsami.8b10992/suppl_file/am8b10992_si_001.pdf). *GAPDH* was used as the housekeeping gene, and the level of gene expression was calculated via the 2^--ΔΔ*C*~t~^ method. Four independent samples were used for each gene of interest.

2.7. Quantification of Clastokine Gene Expression and Protein Secretion of Osteoclasts on Different Roughness {#sec2.7}
-------------------------------------------------------------------------------------------------------------

### 2.7.1. Gene Expression of Clastokines {#sec2.7.1}

mRNA of osteoclasts on different surfaces was isolated and transcribed into cDNA as described above. qPCR expression analysis was similarly performed. *SPHK1*, *Wnt10b*, *BMP-6*, *CTHRC1*, *Scl*, and *Sema4D* were tested with *GAPDH* as the housekeeping gene. The primer sets used are shown in [Table S2](http://pubs.acs.org/doi/suppl/10.1021/acsami.8b10992/suppl_file/am8b10992_si_001.pdf). The level of gene expression was calculated via the 2^--ΔΔ*C*~t~^ method. Three independent samples were used for each gene of interest.

### 2.7.2. Quantification of Clastokine Concentration in the Conditioned Medium {#sec2.7.2}

The conditioned medium of osteoclasts cultured on different surfaces were used to quantify the BMP-6 and CTHRC1 concentration based on the protocols from ELISA kits (MyBiosource, USA).

2.8. Regression Analysis of Osteoclast Subtype and Its Anabolic Activity {#sec2.8}
------------------------------------------------------------------------

Size of actin ring, number of osteoclasts per square centimeter, number of nuclei per osteoclast, and TRAP activity were averaged for each surface roughness group. These values were then correlated with the alizarin red value of osteoblastic cells cultured in each type of osteoclasts on different surfaces. Scatter diagrams were made with Excel, regression analyses were conducted, and the most accurate trend lines were displayed based on the *R* value.

2.9. Statistical Analysis {#sec2.9}
-------------------------

All experiments were repeated three times, and figures show the representative data of a single representative experiment. All results are expressed as the mean ± standard deviation from multiple samples per experimental group (see figure captions for exact sample numbers), and *P* \< 0.05 was considered statistically significant. One-way analysis of variance was used for each experiment to compare the means among the groups. Where applicable, a Tukey's honestly significant difference test was used as a post hoc test.

3. Results {#sec3}
==========

3.1. Preparation and Characterization of Titanium Disks with Different Surface Roughness {#sec3.1}
----------------------------------------------------------------------------------------

Four types of titanium disks were prepared with significantly different surface roughness ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A). SEM assessment of the surface morphology showed that Ti surfaces were apparently smooth. TiLR displayed a low roughness and uniform topography compared to TiMR and TiHR, which showed crack structures and blasting scars with a higher roughness ([Figures [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A & [S1](http://pubs.acs.org/doi/suppl/10.1021/acsami.8b10992/suppl_file/am8b10992_si_001.pdf)). The *R*~a~ values were 0.24 μm for machined (Ti), 0.81 μm for low roughness (TiLR), 2.30 μm for medium roughness (TiMR), and 3.63 μm for high roughness (TiHR). Glass slides with a smooth surface (*R*~a~ = 0.02 μm) served as controls (Ctrl). After surface characterization, the macrophages were seeded on these surfaces and induced into osteoclasts whose features were further analyzed ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B).

![Surface characterization of titanium disks with different surface roughness and the flow chart for further osteoclast and osteoblast study. Machined titanium disks were sand-blasted to create different roughness, and smooth glass slides were used as control. (A) Morphology of different rough surfaces was observed by SEM. The roughness of glass and different rough titanium surfaces was determined with a UST. Original magnification for SEM ×500; scale bar is 10 μm in all panels. A significant difference was indicated by a, b, c, d, and e. Groups with different letters mean significant difference, and groups sharing the same letter are not significantly different. (B) Flow chart for osteoclast study on these different rough surfaces and further study on the interaction between osteoclasts and osteoblasts.](am-2018-109929_0001){#fig1}

3.2. Osteoclast Morphology on Different Surface Roughness {#sec3.2}
---------------------------------------------------------

The morphology of macrophages after osteoclastogenic induction on different surfaces was observed with SEM ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsami.8b10992/suppl_file/am8b10992_si_001.pdf); RAW264.7 macrophages were representatively displayed). Both large giant cells and smaller, undifferentiated macrophages were visible on all surfaces. The osteoclast morphology was greatly affected by the surface roughness. Osteoclasts present on the smooth surfaces of Ctrl and Ti showed a more spread shape and more clear cell fusion than cells on rougher surfaces (TiLR, TiMR, and TiHR), on which cells were smaller and separately distributed.

3.3. Osteoclast Differentiation with Different Surface Roughness {#sec3.3}
----------------------------------------------------------------

To determine the osteoclastic nature of the formed multinucleated cells, TRAP staining was performed. Different sizes and numbers of TRAP-positive cells originating from RAW264.7 macrophages were observed on different surfaces ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A). TRAP-positive cells were bigger and present in lower numbers on smoother disks (Ctrl and Ti) than on rougher disks. A difference between TiLR, TiMR, and TiHR was not obvious. To assess the cell numbers on these different surfaces, DNA content was measured after 4 days of osteoclastogenic induction. DNA content from RAW264.7 cells gradually increased with surface roughness. A significantly higher cell number was observed for rougher surfaces (TiMR and TiHR) compared to smoother titanium surfaces (Ctrl, Ti, and TiLR; [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B). Quantitative assessment of osteoclastic TRAP activity on different surfaces ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}C) showed a tendency of smooth surfaces to have higher TRAP activity than rougher surfaces. Specifically, the highest TRAP activity was found on Ti, followed by Ctrl and TiLR, which were significantly higher than TiMR and TiHR. The negative control without RANKL showed negligible TRAP activity (data not shown). To further confirm osteoclastic differentiation, a series of specific markers were analyzed by qPCR ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}D--G). Osteoclastogenic markers were generally expressed at significantly higher levels on Ctrl and Ti than on rougher surfaces. Among roughened surfaces, TiLR had significantly higher *RANK* and *MMP-9* gene expression than TiMR and TiHR.

![Osteoclastogenic differentiation of RAW264.7-derived osteoclasts on different rough surfaces. RAW264.7-derived macrophages were cultured on glass control and different rough titanium with RANKL for 4 days. (A) Osteoclasts were then stained with TRAP biochemical staining (*n* = 4). (B) Cell number on these surfaces was quantified by DNA content (*n* = 4), and their osteoclastogenic differentiation was determined by (C) TRAP activity (*n* = 4) and gene expression of osteoclast makers including (D) TRAP (*n* = 3), (E) RANK (*n* = 3), (F) MMP-9 (*n* = 3), and (G) CTSK (*n* = 3). A significant difference was indicated by a, b, c, and d. Groups with different letters mean significant difference, and groups sharing the same letter are not significantly different.](am-2018-109929_0002){#fig2}

For primary mouse osteoclasts, TRAP biochemical staining and TRAP activity displayed similar responses to the different surfaces ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). More specifically, with increasing surface roughness, primary mouse osteoclasts decreased in size on TiLR, TiMR, and TiHR compared to Ctrl and Ti. The number of TRAP-positive cells was generally higher on rougher surfaces ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A). The cell number evaluated with DNA content was also significantly higher on rougher surfaces, and TRAP activity declined with increasing roughness ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B,C). However, the TRAP activity was highest on Ctrl for primary mouse osteoclasts (in contrast to Ti for RAW264.7-derived osteoclasts).

![Osteoclastogenic differentiation of primary osteoclasts on different rough surfaces. Primary mouse macrophages were cultured on glass control and different rough titanium with M-CSF and RANKL for 4 days. (A) Osteoclasts were then stained with TRAP biochemical staining (*n* = 4). (B) Cell number on these surfaces was quantified by the DNA content (*n* = 4), and (C) their osteoclastogenic differentiation was determined by TRAP activity (*n* = 4). A significant difference was indicated by a, b, c d, and e. Groups with different letters mean significant difference, and groups sharing the same letter are not significantly different.](am-2018-109929_0003){#fig3}

3.4. Osteoclasts Number, Size, and Cytoskeletal Organization on Different Surface Roughness {#sec3.4}
-------------------------------------------------------------------------------------------

When osteoclast precursors differentiate into mature osteoclasts, they form clusters of dynamic, F-actin-rich adhesion structures enriched in integrin receptors called podosome that self-organize into actin rings at the cytomembrane periphery.^[@ref33],[@ref34]^ We investigated the effects of surface roughness on actin ring formation by the analysis of F-actin (phalloidin stain), nuclei (DAPI stain), and endogenous phosphatase activity (ELF97 stain) organization. On all surfaces, osteoclasts from RAW264.7 exhibited multiple nuclei, a typical F-actin ring, and endogenous phosphatase positivity ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A). Actin rings were typically big and heterogeneous on smoother surfaces. In contrast, osteoclasts cultured on rougher surfaces displayed small but homogeneous F-actin ring organization and cluster structure. To be specific, osteoclasts on Ctrl (average 1100 μm) and Ti (average 906 μm) exhibited significantly larger actin rings in circumference than osteoclasts on TiLR (average 566 μm) and TiMR (average 491 μm) surfaces, with TiHR having the lowest size (average 358 μm; [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}B). The number of osteoclasts was quantitatively determined on the different surfaces with the aid of F-actin ring and endogenous phosphatase staining. A significantly larger number of osteoclasts were found on rougher surfaces, especially on TiHR (37 ± 3.2 osteoclasts/cm^2^) and TiMR surfaces (26 ± 2.3 osteoclasts/cm^2^), compared to the Ti (3.5 ± 0.5 osteoclasts/cm^2^) and Ctrl (2.7 ± 0.8 osteoclasts/cm^2^) smoother surfaces ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}C). The average nuclei number in each osteoclast, however, was significantly higher on smoother surfaces, especially on Ti (average 87 nuclei/osteoclast). This was approximately 3 times more than TiLR, 4 times more than TiMR, and 8 times more than TiHR ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}D). The osteoclast size, evaluated by cell area, was also analyzed based on F-actin ring and endogenous phosphatase staining. Both large and small osteoclasts were observed and measured on all surfaces, where the largest osteoclast areas were found on smoother surfaces (Ctrl and Ti; [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}E). More specifically, on smoother surfaces (Ctrl and Ti), large osteoclasts with an area \>50 × 10^3^ μm^2^ were predominant, constituting more than 71% of all osteoclasts, whereas small osteoclasts with a typical area of less than 25 × 10^3^ μm^2^ constituted only 15% of the population. On rougher surfaces (TiLR, TiMR, and TiHR), an opposite trend was observed: osteoclasts with an area \<25 × 10^3^ μm^2^ were the predominant phenotype, constituting more than 51% of total osteoclast population, whereas large osteoclasts with an area \>50 × 10^3^ μm^2^ constituted less than 17%.

![Number, size, and cytoskeletal organization of RAW264.7-derived osteoclasts on different rough surfaces. RAW264.7-derived macrophages were cultured on glass control and different rough titanium with RANKL for 4 days. (A) Osteoclasts were then stained with DAPI (blue), Alexa Fluor 568 Phalloidin (red), and ELF 97 (green). (B) Perimeter of actin rings, (C) osteoclasts density, (D) nuclei number per osteoclast, and (E) osteoclast area on these different surfaces were determined to quantify the osteoclastogenic differentiation. Scale bar = 50 μm. A significant difference was indicated by a, b, c, and d. Groups with different letters mean significant difference and groups sharing the same letter are not significantly different.](am-2018-109929_0004){#fig4}

Compared to RAW264.7-derived osteoclasts, primary mouse osteoclasts also generally exhibited bigger F-actin ringlike structures on smoother surfaces than rougher surfaces, except for those on Ctrl, and these cells did not display phalloidin-labeled F-acting ring formation in three independent experiments ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}A). When F-actin rings were measured on other surfaces for quantitative comparison, F-actin ring sizes of primary mouse osteoclasts on Ti (average 1746 μm) similarly displayed a significantly larger size in circumference than those on TiLR (average 493 μm), TiMR (average 207 μm), and TiHR (average 196 μm; [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}B). The number of osteoclasts was also highest on TiHR (111 ± 12 osteoclasts/mm^2^), followed by TiMR (65 ± 4.1 osteoclasts/mm^2^) and TiLR (33 ± 4.3 osteoclasts/mm^2^), all of which were significantly higher than on Ti and Ctrl (around two osteoclasts/mm^2^; [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}C). Also, primary mouse osteoclasts on Ti (average 198 nuclei/osteoclast) and Ctrl (average 32 nuclei/osteoclast) had significantly more nuclei per osteoclast than those on rougher surfaces (all fewer than 19 nuclei/osteoclast; [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}D). Regarding cell area, primary mouse osteoclasts displayed less diversity compared to RAW264.7-derived osteoclasts on all surfaces. Osteoclast areas \<25 × 10^3^ μm^2^ predominated for primary mouse osteoclasts on TiLR, TiMR, and TiHR. However, primary mouse osteoclasts on Ctrl and Ti showed larger area, with an area \<25 × 10^3^ μm^2^ taking up less than 17% of the osteoclasts and an area \>50 × 10^3^ μm^2^ approximately constituting 60% of the osteoclasts ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}E).

![Number, size, and cytoskeletal organization of primary osteoclasts on different rough surfaces. Primary mouse macrophages were cultured on glass control and different rough titanium with M-CSF and RANKL for 4 days. (A) Osteoclasts were then stained with DAPI (blue), Alexa Fluor 568 Phalloidin (red), and ELF 97 (green). (B) Perimeter of actin rings, (C) osteoclasts density, (D) nuclei number per osteoclast, and (E) osteoclast area on these different surfaces were determined to quantify the osteoclastogenic differentiation. Scale bar = 100 μm. A significant difference was indicated by a, b, c, and d. Groups with different letters mean significant difference, and groups sharing the same letter are not significantly different.](am-2018-109929_0005){#fig5}

3.5. Effect of Osteoclast Medium on Osteogenic Differentiation of Osteoblastic Cells {#sec3.5}
------------------------------------------------------------------------------------

Given that osteoclast differentiation and cytoskeletal organization are affected by surface roughness, we hypothesized that these roughness-induced different subtypes of osteoclasts may further differentially regulate the behavior of osteoblastic cells by secreting specific coupling cytokines/clastokines. To this end, both mice osteoprogenitor cells and primary rat MSCs were cultured in the medium collected from the osteoclasts cultured on the surface with different roughness mixed with OM (50% v/v; [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}). Osteoblastic cells subjected to conditioned medium harvested from osteoclasts displayed significantly higher alizarin red positive bone nodule formation than osteoblastic cells in regularly used OM ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}A). More specifically, when MC3T3 osteoblastic cells were cultured with RAW264.7-derived osteoclast-conditioned medium, the medium from osteoclasts cultured on Ctrl, Ti, and TiLR showed 3 times more alizarin red than osteoblast control cultures in OM. Further, the osteoclast-conditioned medium from TiMR and TiHR showed twice more alizarin red than osteoblast control cultures, and this effect was more obvious on TiMR ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}B). This anabolic effect on osteoblastic cells was also observed for conditioned medium from primary osteoclasts on primary rat MSCs ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}C). The conditioned medium from osteoclasts cultured on all surfaces except TiHR exhibited significantly higher alizarin red nodule formation than osteoblast control cultures in OM. Particularly, the conditioned medium from Ti induced approximately 5 times higher mineralization than osteoblast control cultures and 2.5 times higher than TiLR and TiMR. In agreement with our observations on mineralization, MC3T3 osteoblastic cells cultured in conditioned medium collected from RAW264.7-derived osteoclasts on Ctrl and Ti had significantly higher osteogenic marker gene expression than those from TiMR and TiHR, including *ALP*, *collagen I*, and *OCN* ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsami.8b10992/suppl_file/am8b10992_si_001.pdf)).

![Anabolic effects and potential clastokines of conditioned medium of osteoclasts cultured on different rough surfaces. Mouse osteoprogenitor cells (MC3T3) and primary rat MSCs were cultured in the conditioned medium of osteoclasts cultured on glass control and different titanium rough surfaces and OM (50% v/v). (A) Mineralization nodules were stained with alizarin red and quantified with alizarin red (B) of mouse osteoprogenitor cells in a conditioned medium from RAW264.7-derived osteoclasts and (C) of primary rat MSCs in a conditioned medium from primary mouse osteoclasts. (D) Gene expression of six potential clastokines for osteoclasts on different surfaces and (E) protein concentration of two potential clastokines in a conditioned medium of RAW264.7-derived osteoclasts were quantified. A significant difference was indicated by a, b, c d, and e. Groups with different letters mean significant difference, and groups sharing the same letter are not significantly different.](am-2018-109929_0006){#fig6}

3.6. Identification of Potential Clastokines in a Conditioned Medium of Osteoclasts on Different Surfaces {#sec3.6}
---------------------------------------------------------------------------------------------------------

To further elucidate the potential cytokines involved in the anabolic effects of osteoclasts on osteoblastic cells, we quantified the gene expression of six reported clastokines of osteoclasts on different rough surfaces ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}D). Compared to macrophages (RANKL-), all these clastokines were upregulated for osteoclasts on different surfaces, in particular, *BMP-6* (10--57 times) and *SPHK1* (14--31 times). Regarding the difference between osteoclasts on different rough surfaces, *BMP-6* and *CTHRC1* were significantly upregulated, whereas *SPHK1* was significantly downregulated for osteoclasts on Ctrl and Ti compared to that on TiLR, TiMR, and TiHR. Given the enhanced osteogenic differentiation of MSCs in the conditioned medium of osteoclasts on Ctrl and Ti, we further quantified the protein levels of BMP-6 and CTHRC1 in the conditioned medium ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}E). Correspondingly, we found a significantly higher concentration of CTHRC1 in the conditioned medium of osteoclasts formed on Ti and Ctrl compared to other conditioned media. Regarding BMP-6, we observed a significantly higher concentration in the conditioned medium from osteoclasts formed on Ctrl compared to Ti, TiLR, TiMR, and TiHR.

3.7. Regression Analysis between Osteoclast Characteristics and Their Anabolic Effects on Osteoblastic Cells {#sec3.7}
------------------------------------------------------------------------------------------------------------

In order to further reveal the dependent relationship of osteoclast anabolic effects and osteoclast subtypes induced by roughness, we correlated the main differentiation parameters of osteoclast subtypes (i.e., average osteoclast number, average nuclei number per osteoclast, average osteoclast perimeter, and TRAP activity) with the mineralization content of osteoblastic cells cultured in the conditioned medium from these different osteoclast subtypes. For both RAW264.7-derived osteoclasts and primary mouse osteoclasts, osteoclast anabolic effects were found to correlate with osteoclast nuclei number (correlation coefficient *R* ≥ 0.95; [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}A,B). Osteoclast nuclearity was found to logarithmically correlate with the anabolic effects of the osteoclast-conditioned medium on osteoblastic cultures. The number of osteoclasts per square centimeter also showed correlation with osteoblastic cell mineralization (correlation coefficient of *R* ≥ 0.74; [Figure S3A,B](http://pubs.acs.org/doi/suppl/10.1021/acsami.8b10992/suppl_file/am8b10992_si_001.pdf)). Nonetheless, the correlation of primary mouse osteoclast actin ring size and the TRAP activity with its osteoclast anabolic effects was not obvious ([Figure S3C--F](http://pubs.acs.org/doi/suppl/10.1021/acsami.8b10992/suppl_file/am8b10992_si_001.pdf)).

![Regression analysis between osteoclast phenotype and its anabolic effects and the schematic of the hypothesis of interactions between osteoblastic cells, osteoclasts, and surface roughness. The average nuclei number of each osteoclast on different surfaces was correlated with its anabolic effects on osteoblastic cells. Both (A) average nuclei number of osteoclasts from RAW264.7 and their anabolic effects on mouse osteoprogenitor cells and (B) average nuclei number of primary mouse osteoclasts and their anabolic effects on primary rat MSCs displayed a logarithmic correlation, respectively. (C) On the basis of our findings of different osteoclast phenotypes and their anabolic effects, the hypothesis of the effect of roughness on osteoclastogenic differentiation and further osteogenic differentiation was proposed. On smoother surfaces, osteoclasts exhibit larger size and more nuclei in each osteoclast and secrete more anabolic clastokines to promote osteogenic differentiation of MSCs. In contrast, on rougher surfaces, osteoclasts exhibit smaller size and fewer nuclei in each osteoclast and secrete less anabolic clastokines to promote osteogenic differentiation. Green dots indicate potential clastokines (such as CTHRC1) secreted from osteoclasts.](am-2018-109929_0007){#fig7}

4. Discussion {#sec4}
=============

Surface properties play an important role in regulating cell and tissue responses to bone and dental implants and further determine the bone formation and osseointegration.^[@ref10],[@ref35]^ The cross-talk between surface roughness and bone resorption cell osteoclasts and subsequent bone-forming osteoblastic cells is of great importance but remains unclear. In this study, we demonstrated that osteoclasts are sensitive to the specific surface roughness and exhibit various phenotypes, characterized by different morphology and differentiation capacity. The conditioned medium from these different osteoclastic phenotypes further promoted the osteogenic differentiation of osteoblastic cells to different degrees. The tight correlation of osteoclast nuclei number and secreted clastokines with its anabolic effect of conditioned medium from osteoclasts with this phenotype was identified. This information highlights the importance of surface properties toward osteoclast phenotype and function, which differentially orchestrates osteogenic differentiation of osteoblastic cells via secreted clastokines. Additionally, the formation of osteoclasts with specific phenotypes on surfaces with different physical properties may provide a potential guide for developing biomedical devices with an optimal surface to stimulate osseointegration.

Both RAW264.7 and primary bone marrow derived macrophages formed osteoclasts upon stimulation with RANKL, evidenced by the presence of a cell population displaying TRAP activity, the presence of multinucleated cells with well-defined actin rings, and the expression of the osteoclast-related genes *TRAP*, *RANK*, *CATK*, and *MMP-9*. Another multinucleated cell type, the so-called foreign-body multinucleated giant cells (FBGCs), are frequently formed at implant surfaces and related to foreign-body reactions. Similar to osteoclasts, FBGCs arise from the fusion of monocytes/macrophages and hence share several characteristics with osteoclasts, such as multinuclearity, TRAP expression, and actin rings.^[@ref36]^ An important distinction between these two cell types on nonmineral surfaces is that only osteoclasts express the matrix-degrading enzyme CTSK.^[@ref36]^ The high gene expression of *CTSK* here indicates the formation of osteoclasts rather than FBGCs on all surfaces in this work.

After cell seeding, significantly higher cell number was observed for rougher surfaces than for smoother surfaces, both for RAW264.7-derived osteoclasts and primary mouse macrophage-derived osteoclasts. This finding is consistent with previous reports, in which rougher surfaces had more cells than smoother surfaces.^[@ref37],[@ref38]^ Regarding osteoclast differentiation on different surfaces, smoother surfaces are generally more robustly induced osteoclast differentiation than rougher surfaces, evidenced by significantly higher TRAP activity and higher gene expression of osteoclastogenic markers. This difference was supposed to be bigger for different osteoclasts, given that undifferentiated macrophages were present with osteoclasts on different surfaces. This trend is in line with previous studies reporting that the increase in surface roughness (1--2 μm) decreased osteoclast-associated features,^[@ref39],[@ref40]^ including TRAP activity and resorption capacity. However, it has also been observed that osteoclasts display an increased differentiation on increasing surfaces (0.1--0.5 μm), measured as TRAP activity and specific gene expression.^[@ref37]^ The different roughness range, high variety of osteoclast cellular origins, osteoclast culture protocols, and induction times may attribute to these conflicting conclusions. For example, primary osteoclasts were utilized and collected after a 21 day induction period by Costa-Rodrigues et al.^[@ref37]^ However, as reported and proven in our study, osteoclasts appeared as early as 4 days after induction. Additionally, a difference between primary and RAW264.7-derived osteoclasts existed as primary osteoclasts could be grown for 7 days while apoptosis was apparent in RAW264.7-derived osteoclasts after 5 days of culture because of extremely high cell density. This is one of the reasons why we used two cell types to obtain osteoclasts, a cell line and primary cells, to obtain a reliable conclusion here.

Osteoclast functionality depends on its tight adhesion to the bone surface, which is mediated via an actin-rich integrin adhesion structure known as the podosome belt. Podosome belt formation and turnover are highly sensitive to the local environment.^[@ref27]^ Generally, larger actin rings were found on smoother surfaces and small actin rings were found on rougher surfaces. One interesting finding is that primary osteoclasts on glass controls did not display this featured structure, perhaps because of a short-lived actin ring formation.^[@ref41]^ Actin ring on glass probably early appeared and disappeared after 4 days of osteoclastogenic induction. This finding further emphasizes the importance of culture protocols and treatment time when studying osteoclasts. Except for the difference in actin ring formation, we also found different phenotypes of osteoclasts on surfaces with different roughness. Generally, larger sized, a higher number of nuclei per osteoclast but lower osteoclast numbers were found on smoother surfaces than on rougher surfaces. This difference plausibly can be attributed to the effects of roughness on the cell fusion process required for osteoclast formation. On smoother surfaces, no topographical features are present to hinder this cell fusion process. Hence, cells effectively fuse to form fewer osteoclasts with a larger size on these surfaces. In contrast, on the rough surfaces, the topographic features might hinder cell fusion process, leading to more osteoclasts with a smaller size.^[@ref42]^ Intriguingly, our findings of different osteoclast morphology correspond with some observations of osteoclasts in vivo. Two types of morphologically different osteoclasts are observed in mice.^[@ref43]^ One type exhibits an abundant "foamy", acidophilic staining of the cytoplasm and large oval vesicular nuclei. This type of osteoclast is abundant in young mice and at fracture sites in both young and old mice. The second osteoclast type exhibits considerably altered morphological characteristics and is smaller in size. These cells are found to be more abundant at the metaphysis of older animals. Furthermore, a significant shift from the former type to latter type occurs with increasing age. Therefore, it is tenable to conclude that different types may represent different functional states of osteoclasts. The osteoclasts with a larger size in young mice may have stronger anabolic but less resorption activity, whereas osteoclasts with smaller size may have weaker anabolic but stronger resorption activity. This idea is reinforced by the finding that osteoclasts with large surface area correspond to nonresorbing osteoclasts, whereas smaller osteoclasts correspond to actively resorbing osteoclasts.^[@ref44]−[@ref46]^ This hypothesis then promoted us to further explore the effect of roughness-induced osteoclast phenotypes on their anabolic activity.

Despite the observation that resorption and bone formation are coupled and implants induce the formation of multinuclear osteoclast-like cells around the new bone area,^[@ref47],[@ref48]^ the relation between osteoclasts and bone regeneration using bone implants is rarely reported. The conventional consensus regarding the relation between bone resorption and bone formation is that specific factors such as TGF-β and IGF-1 stored in the bone matrix are released and activated during bone resorption and then promote the osteogenic differentiation.^[@ref49],[@ref50]^ This hypothesis is now being challenged by findings that nonresorbing osteoclasts still possess the ability to support bone formation,^[@ref51]−[@ref53]^ suggesting that osteoclast anabolic effects might not correlate directly with osteoclast resorption activity, but merely with the presence of osteoclasts. Several "clastokines" that regulate osteoblastic cell behavior have been identified. The data in present study corroborate the concept of nonresorbing osteoclasts on titanium and glass to have the potential to secrete certain clastokines that promote osteogenic differentiation. Among those clastokines, S1P (encoded by the *SPHK1* gene),^[@ref54],[@ref55]^ Wnt10b,^[@ref54]^ BMP-6,^[@ref54]^ and CTHRC1^[@ref56]^ have been well documented to promote the osteogenesis, whereas Scl^[@ref32]^ and Sema4D^[@ref31]^ were reported to inhibit the osteogenesis. We quantified the gene expression of these six clastokines and found *BMP-6* and *CTHRC1* were significantly upregulated for osteoclasts on smoother surfaces compared to that on rougher surfaces. Protein quantification further depicted a significantly higher concentration of CTHRC1 in the conditioned medium of osteoclasts on smoother surfaces than that on rougher surfaces. These data indicate that CTHRC1 plays a crucial role in the combinatorial surface roughness effects on osteoclastogenesis and osteogenesis.

We here observed that surface roughness affects osteogenic differentiation through a cross-talk between osteoclast activity and osteoblastic cell activity. Smoother surfaces promoted osteoclastogenic differentiation, and conditioned medium from osteoclast cultures thereon highly promoted the osteogenic differentiation of osteoblast progenitors. In contrast, rougher surface evoked less osteoclastic differentiation, and conditioned medium from osteoclast culture thereon promoted the osteogenic differentiation of osteoblast progenitors to a lesser extent ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}C). As osteoclasts have shown to appear much earlier than osteoblastic cells around implants,^[@ref22],[@ref23]^ it is reasonable to hypothesize that the effects of bone implant surface properties on osteoclasts and then on osseointegration overweighs the effects of sole surface roughness directly on osteoblastic cells. Another hypothesis is that roughness modulates osteogenic differentiation through two separate ways: indirect effects on osteoblastic cells through osteoclasts and direct effects on osteoblastic cells. In this perspective, both roughness and osteoclast phenotype affect osteoblastic cell migration, spreading, and differentiation, and in turn, both roughness and osteoblastic cell differentiation affect osteoclast behavior.^[@ref57],[@ref58]^ In vivo, the optimized roughness for osteogenic differentiation should be the sum effect from these two (indirect and direct effects). In vitro, osteoblastic cell differentiation has shown to be optimal on microrough surfaces (*R*~a~ = 3--4 μm) compared to smooth surfaces, whereas osteoclast activity demonstrated to be higher on smooth than on microrough surfaces.^[@ref39]^ Therefore, the optimal roughness for osseointegration was proposed to be 1--1.5 μm.^[@ref11]^ However, this assumption should be validated through well-designed animal studies. Whatever the mechanism is, our information further strengthens the previously proposed idea that maintaining nonresorbing osteoclasts on metallic or plastic implant surface,^[@ref59],[@ref60]^ as opposed to reducing osteoclast numbers, leads to increased bone formation, bone volume, and ultimately higher bone strength in vivo as sources of anabolic molecules for the osteoblasts.^[@ref61]^

The most innovative finding in this study was the identification of the different osteoclast phenotypes and their differential anabolic effects, which we observed via osteoblastic cell cultures in conditioned medium. Various types of osteoclasts have been observed in physiological and pathological situations in vivo;^[@ref62]^ their bone catabolic and anabolic functions, which crucially determine the bone quality and treatment effects, remains unclear and debatable. We first revealed that the osteoclast nuclei number positively correlates with these anabolic effects. This information might greatly aid the future bone implant design, which can optimize physical surface properties to induce desired osteoclast phenotypes and enhance osseointegration. In addition, given the reported heterogeneity of osteoclasts under different physiological conditions \[e.g., osteopetrosis, osteoporosis, osteonecrosis, and (rheumatoid) arthritis\] and their differential effects on the balance between bone resorption and bone formation, the finding that anabolic effects are associated with osteoclast heterogeneity and nuclei number would help to elucidate the function of observed osteoclast types in these diseases contribute to the design and development of specific therapeutic drugs for the treatment of these diseases.^[@ref62]^

5. Conclusions {#sec5}
==============

We here examined the combinatorial effects of surface roughness on osteoclast behavior and anabolic effects on osteogenic differentiation of osteoblast progenitors. Osteoclasts cultured on smoother surfaces showed larger size and actin rings, and more nuclei per osteoclast compared to osteoclasts cultured on rougher surfaces. All conditioned medium from these different osteoclast phenotypes significantly promoted the osteogenic differentiation of osteoblastic cells compared to conventional OM, and this effect was far more obvious for conditioned medium from osteoclasts cultured on smoother surfaces. This anabolic effect of conditioned medium on osteogenic differentiation was further revealed to logarithmically correlate with the number of nuclei per osteoclast and the presence of clastokine CTHRC1. These results suggest that surface roughness is an important factor in mediating osteoclast--material interactions, which might determine the osteogenic differentiation of osteoblast progenitor cells and hence the process of osseointegration.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acsami.8b10992](http://pubs.acs.org/doi/abs/10.1021/acsami.8b10992).qPCR primer sequences of target genes for osteoclast differentiation and osteogenic differentiation and qPCR primer sequences of clastokines, morphologies of different rough surfaces and osteoclasts induced on these different surfaces, gene expression of osteogenic markers in mouse osteoprogenitor cells cultured in conditioned medium of different types of osteoclasts, and the coupling between osteoclast phenotype and its anabolic effects ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsami.8b10992/suppl_file/am8b10992_si_001.pdf))
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